Abstract: This short review describes various types of anti-corrosion additives of water-soluble metal working fluids for aluminum alloy materials. It is concerned with synthetic additives classified according to their functional groups; silicone compounds, carboxylic acids and dibasic acids, esters, Diels-Alder adducts, various polymers, nitrogen compounds, phosphoric esters, phosphonic acids, and others. Testing methods for water-soluble metal working fluids for aluminum alloy materials are described for a practical application in a laboratory.
INTRODUCTION
A variety of metal working fluids are used for the machining operations of cutting, grinding, turning, milling, drilling, and tapping mainly for iron and aluminum metals. Many technical books 1, 2) and reviews 3, 4) on lubrication in metal working and cutting for irons are known. However, the review of those for aluminum alloy materials is quite few. Aluminum materials are apt to be blackish by mechanical processing, owing to corrosion of aluminum. Various attempts to prepare high performance additives for aluminum materials have recently been made. Many patents on corrosion inhibitors in metal working and cutting of aluminum materials are known. Usually water-soluble cutting fluids consist of many components. However, the detailed compositions of the commercial products have not been known. The most important additive is a surface active agent having anti-corrosion and other useful properties. The surface active agent is called a metal working fluid additive. This short review article describes preparations and properties of new types of metal working fluids additives which have been developed in our laboratory and reported in literatures.
METAL WORKING FLUIDS ADDITIVES FOR ALU-MINUM ALLOY MATERIALS
This chapter describes our evaluation of various additives derived from a variety of organic compounds for water-soluble metal working fluids of aluminum alloy materials. Alkanolamines such as triethanolamine or diethanolamine are used to dissolve acidic ingredients into water, to increse anti-microbial activity of the fluids, and for other purposes. Aluminium alloy materials are apt to be blackish in alkaline media (pH=9.0). Various corrosion inhibitors are added to cutting fluids. The use of triethanolamine or diethanolamine salts gave the best results in our experiments for anti-corrosion and lubricity characteristics of cutting fluid additives.
1
It is well known that sodium metasilicate is effective for corrosion inhibitor of aluminum alloy materials 5) . However, solubility of sodium metasilicate in water is poor. The longterm safe keeping of the fluids containing sodium metasilicate is difficult because of the precipitation of inorganic compounds. Recently, it has been reported that compound (II) in , which is prepared from water-soluble silicate (I) and alkali, is very effective as an anti-corrosion additive for aluminum metal 6) . A mixture of compound (II), triethanolamine and water showed good anti-corrosion property for aluminum alloy materials. As other patents, polyalkyl {(N-aminoalkyl) iminoalkyl} siloxane 7) and others are known. In the near future, new silicone surface active agents may be put on the market. A better additive may be prepared.
2
p-t-Butylbenzoic acid 8) and dodecanedioic acid 4) have excellent anti-corrosion properties for iron materials. It is reported that the metal working fluid composed of t-butylbenzoic acid, dodecenylsuccinic ester, morpholine and benzotriazole shows excellent anti-corrosion properties for aluminum, copper and iron materials 9) . The dibasic acids higher than dodecanedioic acid have not been examined regarding their properties as the corrosion inhibitor against aluminum alloy materials. Interestingly, the author and coworkers have found that the salts of dibasic acid (C16 , C18 and C20) with an amine show good anti-corrosion property against aluminum alloy. For example, the aqueous solution of 1,18-octadecanedioic acid with 2-amino-2-methyl-1-propanol showed good anti-corrosion property for aluminum alloy materials. Similarly, the salts of 1,16-hexadecanedioic acid and 1, 20-eicosanedioic acid with 2-amino-2-methyl-1-propanol showed anti-corrosion property for aluminum alloys. The results are shown in 10, 11) .
3
It is known that esters of higher hydroxy fatty acids have anti-corrosion properties for iron materials 12) . In this section the author describes the evaluations of some esters as an aluminum corrosion inhibitor. Dodecanedioic acid anhydride (IV) was prepared by the dehydration reaction of dodecanedioic acid (III) with acetic anhydride as shown in . A variety of half esters of (III) were prepared from the reaction of (IV) and various hydroxyl compounds. .
Fig. 2 Preparation of Compound (VI) 13)
.
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example, compound (VI) was obtained from (IV) and trimethylolpropane (V). Triethanolamine salt of the half ester (VI) showed good anti-corrosion properties for aluminum as shown in . Monoesters (e.g., glycerol, trimethylolpropane, phytanetriol, 1,4-cyclohexanediol and ricinoleic acid tetramer) of (III) exhibited good anti-corrosion behavior for aluminum 13, 14) . The long use of water-soluble metal working fluids is apt to produce precipitates owing to Ca 2+ and Mg 2+ in hard water. The additives which possess both the anti-corrosion property for aluminum and a good hard water tolerance have not been reported. The author and co-workers developed the additives having both of them. A variety of half esters and diesters were prepared from the reactions of various hydroxyl compounds with some acid anhydrides. For example, a mixture of tetrahydrofuran oligomer (PTMG) (VII) and maleic anhydride was heated to give diester (VIII) in high yields ( ). The diester of PTMG and polybutylene oxide (PBO) with maleic anhydride showed both anti-corrosion properties for aluminum alloy material and hard water tolerance ( ) 15) . New esters having anti-corrosion and other useful properties will appear in near future.
4
It is known that oleic acid, ricinoleic acid and dehydrated castor oil fatty acids have a considerable anti-corrosion property for aluminum material. In this section the author describes the evaluations of some thermal products of unsaturated fatty acids with acrylic acid and maleic anhydride as an aluminum corrosion inhibitor. A mixture of dehydrated ricinoleic acid (IX) with acrylic acid in the presence of anhydrous aluminum chloride was heated at 140 to give a Diels-Alder adduct (X) with various byproducts ( ). The main product was assumed to be the corresponding Diels-Alder adduct. Similarly, other DielsAlder products were prepared from the reaction of (IX) with some dienophiles. Triethanolamine salt of compound (X) showed good anti-corrosion properties for aluminum as shown in . The thermal adduct of (IX) with maleic anhydride and that of linoleic acid with acrylic acid or maleic anhydride exhibited good anti-corrosion behavior for aluminum, respectively. Interestingly, the anti-corrosion properties of these thermal adducts were better than those of (IX) and linoleic acid. These results suggest that the presence of the bulky alkyl group in higher unsaturated fatty acid molecule enhances their anti-corrosion property for aluminum material 16) .
3
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5
Recently, homopolymers and copolymers are used for metal working fluids additives. For example, water soluble metal working fluids containing compounds (XI) or (XII) in are used as cutting and grinding fluids for aluminum materials 17) . The following compounds for corrosion inhibitors and processing fluids have been reported; maleic acid homopolymers or copolymers 18) , graft copolymers of polyether and monoethylenic unsaturated carboxylic acids 19) , alkylene oxide adducts to fatty alcohols (weight average molecular weight = 1000 10,000) 20) , and oil-soluble copolymers (molecular weight > 3000) having a special structure 21) and many others. 
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6
Organonitrogen compounds, such as alkanolamines, benzotriazoles, pyrazoles and tetrazols are now employed as the additives of water-soluble metal working fluids. Various attempts to prepare high performance additives from these nitrogen compounds have recently been made, and many patents are known. Some of them are briefly mentioned as follows.
Diamines with such a structure as (XIII) in are good in the anti-corrosion effect for aluminum, copper and other metals 22) . Additives containing pyrazole compounds (XIV) show excellent anti-rust and anti-corrosion properties for aluminum, magnesium and an alloy of Al and Mg 23) . An additive containing compounds (XV) can inhibit corrosions of tanks composed of aluminum and aluminum alloys 24) . Tetrazole compounds such as compound (XVI) can be used as an anti-corrosion inhibitor for an article of cast aluminum 25) . 2-Mercaptobenzothiazoles (compound XVII) are suitable for water-soluble metal working fluids for aluminum and other metals 26) . It is reported that water-soluble fluids containing a Schiff's base (XVIII) are good for high speed grinding of aluminum, copper, tungsten and .
Fig. 5 Structures of Polymers (XI) and (XII) 17)
. [22] [23] [24] [25] [26] [27] .
Fig. 6 Structures of Various Nitrogen Compounds
titanium. For example, N, N´-bis(1-methyl-3-oxo-butylidene)-ethylenediamine and (N-1-methyl-3-oxo-butylidene) amine are reported in the patent 27) . Many other patents are published.
7
Various phosphoric esters are widely used as antistatic agents of plastics and others 5) . It is presumed that phosphoric esters may be used in commercial water-based cutting fluids for the sake of the prevention against corrosion of aluminum materials. For example, ricinoleic acid phosphoric ester has excellent anti-corrosion property and lubricity 28) . We prepared some phosphoric esters by the reaction of phosphorous oxychloride with hydroxyl fatty compounds. Compound (XIX) was prepared from ricinoleic acid and POCl 3 as shown in . Corrosion inhibitor performance against an aluminum material was examined for aqueous solutions containing the salts of these phosphoric esters and alkanolamines. The results are summarized in . The amine salts of compound (XIX) and phosphoric esters of ricinoleic acid dimer, tetradecylalcohol and hexadecylalcohol showed good anti-corrosion property for aluminum alloy materials 29, 30) . Recently, a convenient preparative method of phosphate esters using P 2 O 5 has been reported 31) .
8
Ammonium salts of alkylphosphonic acids have been used as surface active agents 5) . Recently, alkylphosphonic acids have been employed for a water-soluble metal working fluid additive 32) . In this section the author describes the evaluations of some alkylphosphonic acids as an aluminum corrosion inhibitor. Octylphosphonic acid was prepared according to the method described in literature 33) . Then, diethyl octylphosphonate (XX) was prepared by the thermal reaction of octylbromide with triethylphosphite as shown in . The hydrolysis of (XX) with hydrochloric acid gave octylphosphonic acid (XXI). Hexyl-and decylphosphonic acids were prepared in a similar fashion. Triethanolamine salts of octylphosphonic acid (XXI) and decylphosphonic acid showed good anti-corrosion property for aluminum as shown in 34) . These results indicate that alkylphosphonic acids have anti-corrosion property for aluminum alloy materials. of alkyldibromide with excess triethylphosphite followed by hydrolysis with hydrochloric acid. Diethanolamine salts of these diphosphonic acids showed good anti-corrosion property for aluminum alloy materials as shown in . However, when the amine salts of these phosphonic acids were diluted with hard water containing Ca 2+ , much precipitate was recognized. That is, they have no hard water tolerance.
Some monoesters of octylphosphonic acid (XXI) were prepared by the reactions of some lower alcohols with octylphosphonic acid dichloride (XXII) as shown in . Aqueous solutions of diethanolamine salts of monoester (XXIII) with diethyleneglycol monomethyl ether showed both the good anti-corrosion property for aluminum and a
7
J. Oleo Sci. 57, (1) 1-10 (2008) 35) . In the near future, new aromatic phosphonic acids may be put on the market. A better additive may appear.
9
Anti-corrosion additives having water-repellent, antipollution and other properties are now being developed. For example, it is reported that a diluted solution of a mixture of 1H, 1H, 2H, 2H-perfluorodecanethiol (0.1%) and a fluorinated polymers (0.1%) in a fluorinated solvent (99.8%) has multifunctional effects 36) . Many other patents are published.
TESTING METHOD
The properties of water-soluble cutting fluids to be analyzed are: surface tension, emulsion stability, pH, chlorine, total sulfur, foamability, corrosion resistance, friction coefficient, welding load, microbial resistance, hard water tolerance and others. Perfect measurements of these performances are hard. Corrosion tests for aluminum alloy materials are the most important. Practical tests should be performed on good samples. As the measurement of weight loss before and after the test requires ten days (240 h), spray (Fog) corrosion test 37, 38) is not common for a convenient method. The measurement of pitting potentials is superior method according to the theoretical consideration [39] [40] [41] . Discoloration of aluminum surface is discussed in this review. Then, a convenient test method is described as follows.
: A solution (100 g) was prepared by dissolving 0.50 g of test material and 0.5 g of triethanolamine or diethanolamine in deionized water (99.0 g). This solution corresponds to 0.50% solution. The pHs of these test solutions were adjusted at 9.0 ± 0.2 by adding acetic acid or sodium hydroxide solution. Similarly, sample solutions were prepared with city water (Shiga, Japan; hardness 30).
: Size of test piece of aluminum alloy (ADC-12) 42 ) is 6 cm 3 cm 0.5 cm. ADC 12 is composed of Cu (1.5 ~ 3.5%), Si (9.6 ~ 12.0), Mg (under 0.3), Zn (under 1.0), Fe (under 1.3), Mn (under 0.5), Ni (under 0.5), Sn (under 0.3) and Al (the rest). The test piece was washed with acetone, polished with emery paper (#240) and washed with acetone again, and they were immersed 3 cm depth in each sample solution (50 ml). After keeping for 24 h at 30 , the change in color of the surface of the aluminum piece was checked by visual observation. The corrosion-inhibiting effect was evaluated according to the following indexing.
No appearance of discoloration of aluminum surface A little discoloration of aluminum surface Gray Dark gray The photographs corresponding to the indexing are shown in . This test is a convenient method for the practical application in a factory.
Hard water tolerance tests were performed according to the method reported in literature 35) . A number of investigations on the inhibition mechanism of aluminum corrosion are known. For example, the following papers describe the aluminum corrosions 37, 39, 43) .
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SUMMARY
The relationship between anti-corrosion and lubricating properties and chemical structure of organic compounds has not been well known. For aluminum alloy materials, further elaboration is definitely desirable to elucidate the dependence of anti-corrosion performance on the chemical structures of the molecule.
